There is currently a broad interest in heteroepitaxial growth, motivated by the possibility of fabricating nanostructures on solid surfaces for technological applications. In particular, growth modes are being considered as an alternative to optical lithography to obtain self-organized patterns of nanosized features. Here we explore a class of heteroepitaxial systems in which a metallic thin film is deposited on a structurally complex substrate: the surface of a quasicrystal. Quasicrystals are complex alloys with long-range, atomicscale order, but without periodicity. 1 Their bulk structure is most commonly found to be icosahedral, thus possessing elements of fivefold rotational symmetry. Their free surfaces appear to be flat truncations of the bulk structure, or very nearly so, and are therefore intrinsically complex. We will present here an analysis of the nucleation and growth mechanisms operating in this system. This is helpful to understand under what conditions a quasicrystalline surface can be used as a substrate for growing ''artificial quasicrystals.'' 2,3 By ''artificial quasicrystal,'' we mean a thin film that would be constrained sufficiently by the potential-energy surface of the substrate to adopt a nonperiodic structure and the forbidden rotational symmetry characteristic of the quasicrystal, even though the film material normally would form a periodic lattice. So far, quasicrystals can only be formed from the combination of at least two elements and it would be very informative, in itself, if a quasiperiodic film were realized, as quasiperiodicity could be considered independently from chemical composition effects. Even if pseudomorphic growth does not occur, there is also interest in whether and how the unusual symmetry of the substrate is transferred to the film.
However, the structure of a thin film cannot be considered separately from the mechanism and kinetics of its formation, since the final structure is often the result of specific growth conditions. 4 Conversely, there exists a possibility that if growth of thin films on quasicrystals is understood, then growth conditions might be tailored to favor formation of artificial quasicrystals. This motivates our description, in this paper, of the growth of a Ag thin film on the archetypical fivefold surface of the icosahedral AlPdMn quasicrystal. Using scanning-tunneling microscopy ͑STM͒, we elucidate the nucleation mechanism, the growth mode, and the transition to a bulklike structure in the film. We also clarify the way in which the unique rotational symmetry of the substrate affects the final structure of the film, and comment upon future strategies most likely to yield artificial quasicrystals.
In our experiments, Ag atoms are produced by evaporation of the pure metal and impinge individually at a given flux F on the surface, where they diffuse and nucleate a film. ͑The sticking coefficient is safely assumed to be unity, and evaporation of Ag from the surface is entirely negligible.͒ Different morphologies can result, of which the most ''desirable'' is smooth layer-by-layer growth, since this maximizes the film-substrate interaction and hence maximizes the probability of pseudomorphism ͑adoption of the substrate structure by the film͒. Macroscopically, and under conditions where thermodynamic equilibrium is reached, smooth layer growth is favored if the film has relatively low surface energy, i.e., if ␥ Ag Ͻ␥ QC -␥*. 5 Here, ␥ Ag and ␥ QC are the surface free energies of the film and substrate, respectively, and ␥* is the interfacial energy. Based on contact angle measurements of liquid droplets in air, ␥ QC should be low, although its absolute value has not been estimated. 6 The value of ␥ Ag ͑1.172 J/m 2 ͒ is also low and very similar to ␥ Al ͑1.199 J/m 2 ͒, 7 Al being the major constituent of the topmost atomic layer of the i-AlPdMn surface. 8 Considering these facts, and ignoring ͑until later͒ the contribution of ␥*, the choice of Ag as a film could, indeed, lead to smooth growth. Ag is also immiscible with Al in the bulk and the heat of mixing of the two metals is negative ͑Ϫ0.61 eV͒, hence giving a low probability of surface alloy formation.
We performed our experiments on a quasicrystal sample extracted from a single grain with composition Al 72 Pd 19.5 Mn 8.5 grown by the Bridgman method. It was cut perpendicular to a fivefold-symmetry axis and mechanically polished down to a final roughness of 0.25 m. A clean surface is obtained after repeated cycles of Ar ϩ sputtering and annealing up to 900 K in an ultrahigh vacuum chamber, which is equipped with an Omicron scanning-tunneling microscopy.
This method of surface preparation leads to a terrace and step morphology. 9 The average size of the terraces is quite large, and it is possible to scan the W tip over an area that is several hundreds of nanometers on a side and with a corrugation of about 0.8 Å. Both the step heights measured ͑2.4, 4.1, and 6.5 Å͒ and the fine structure observed on the terraces ͑Fig. 1͒ are fully consistent with a laterally bulk-terminated surface, consisting of atomic ''planes'' that are cross sections of the bulk structure. 10 The surface actually consists of two planes separated by only 0.4 Å, of which the top plane probed by the scanning-tunneling microscopy is mainly Al and the second is about Al 50 Pd 50 . 8 The fine structure revealed by high-resolution images varies from terrace to terrace. The fast-Fourier transform, and the autocorrelation function, of each terrace shows, however, the same tenfold symmetry, consistent with the fivefold symmetry of the surface. We do not describe further its characteristics and instead focus on the nucleation and growth of the metallic film on this high-quality quasiperiodic substrate.
The data resolve three different regimes in film thickness or coverage ͑expressed in units of monolayers, ML͒. We first describe the regime where the coverage of the film is much less than that would be required to fill a single layer, i.e., below 1 ML. STM images of the surface exposed to 0.2 ML of Ag deposited with a flux Fϭ10 Ϫ3 ML/s show the formation of islands that are one atom high ͑2 Å͒ above the surface. Due to the roughness of the substrate, STM cannot reveal the internal structure of the islands. The top panel of Fig. 2 shows that the average island density, N av ͑in nm Ϫ2 ͒ at 0.2 ML, does not vary significantly with flux. The bottom panel shows the normalized island size distribution f for a single flux (Fϭ10 Ϫ3 ML/s). The statistics in the data of Fig.  2 are extremely good, since the data are deduced from STM images of many terraces, spanning an area equal to 2 ϫ10 5 nm 2 , and thousands of islands. The flux scaling of N av , 11 as well as the shape of f, 12, 13 provide insight into the nucleation process underlying island formation. Classic analysis for deposition on perfect crystalline surfaces shows that if ͑homogeneous͒ nucleation of stable islands requires aggregation of iϩ1у2 diffusing adatoms, then one has N av ϳF i/(iϩ2) . [11] [12] [13] ͑The dashed line at the top of Fig. 2 , for instance, shows the scaling relationship expected for iϭ1.) N av is seen to be independent of F. This rules out the possibility of homogeneous nucleation with critical size iу1 on the quasicrystal surface but indicates one of two alternative scenarios. The first is heterogeneous nucleation by irreversible capture of diffusing adatoms at specific quasilattice trap sites. The second ͑denoted by iϭ0) is homogeneous nucleation by random irreversible place exchange of an adatom with the substrate, thereby forming a stable nucleus for island growth. 13 The shape of the island size distribution can be used to decide between these two scenarios. Figure 2 shows that f has a local maximum at the average size S av , as expected for heterogeneous nucleation 14 but not for homogeneous nucleation with iϭ0. 13 ͑The apparent large population of small islands in Fig. 2 is an artifact resulting from the intrinsic corrugation of the substrate, and the consequent inability to choose a height cutoff that distinguishes cleanly between the substrate and the islands.͒ The fact that N av is independent of F, together with the observed shape of f, unambiguously points to heterogeneous nucleation at specific sites.
The second coverage regime extends from 1 to 10 ML, in which much rougher films are observed. At a coverage of only 1 ML, height histograms reveal islands which are up to five atoms high. Ag islands appear as ''needles'' covering the surface in three-dimensional ͑3D͒ plots of the STM images ͓Fig. 3͑a͔͒. The formation of these ''needles'' implies an easy uphill motion of Ag atoms, i.e., it implies that roughness is not a result of kinetic limitations.
The effect of the quasicrystalline substrate on Ag film roughness is made apparent by comparing the growth on a substrate that is similar in chemical composition but different in its atomic structure: 8 Al͑111͒. STM images of an Al͑111͒ surface covered by 0.2 ML of Ag deposited under the same conditions as for the quasicrystal reveal a completely different morphology. Here the growth is pseudomorphic, with formation of triangular-shaped islands and an island density that depends on the flux, in clear contrast to the quasicrystal substrate.
As coverage increases further in the second regime, from 1 to 10 ML, the roughness of the film does not vary ͑from Ϸ1 nm͒ but the needles grow laterally, up to 30 or 40 nm. Islands have a rather lumpy aspect at 1.7 ML and evolve toward flat-topped structures as the lateral growth proceeds, as shown in Fig. 3͑b͒ at 5 ML. An enlargement of one of these flat islands ͓Fig. 3͑c͔͒ reveals a complex structure with zones of bright contrast forming a disordered network. The associated roughness is of the same order of magnitude as for the clean substrate ͑about 0.8 Å, peak to peak͒. These relatively flat-topped islands form the bases for the features that develop next.
The third growth regime is above 10 ML, where the film features again grow vertically ͑roughness increases from about 1 to 5 nm at 100 ML͒, forming pyramidlike nanocrystals with flat hexagonal tops, as shown in Fig. 4͑a͒ . The set of spikes separated by about 2.3 Å in the height histogram ͓Fig. 4͑b͔͒ confirms the formation of atomically flat layers with a uniform vertical stacking. Here, the film structure is remarkably similar to that of Ag on Ag͑111͒, 16 suggesting that growth is controlled by the same kinetic factors as in homoepitaxy. ͑Specifically, the key kinetic limitation is inhibited interlayer transport due to a so-called step-edge barrier͒. The convergence to homoepitaxy in this regime is supported by atomically resolved STM images of the nanocrystal tops, one of which is shown in Fig. 4͑c͒ . The hexagonal lattice of Ag͑111͒ is clearly observed, confirming that the film has adopted the bulk Ag structure. However, even a film as thick as 100 ML still reflects the symmetry of the substrate, because the edges of the hexagonal islands display specific relative orientations. The angle between edges of pairs of islands always equals a multiple of 12°͑0, 12, 24, 36, etc.͒, i.e., a multiple of ͑2/5-2/6͒. In other words, the fcc Ag islands display a fivefold-symmetrical arrangement. Note that the STM data indicate the threefold axis of crystalline Ag parallels the fivefold axis of the substrate.
Our work has several major implications, both for the general understanding of epitaxy on complex substrates, and for developing strategies toward pseudomorphic film growth. First, nucleation is heterogeneous, not homogeneous, which means that island nucleation does not take place randomly, but at specific sites. While this is a disadvantage in obtaining smooth layer growth ͑it effectively removes flux as an experimental variable͒, it could potentially be turned to advantage in developing strategies for fabricating organized patterns of nanostructures on a surface.
Second, the Ag film does not grow smoothly and this reflects thermodynamic factors up to 10 ML, but kinetic factors for thicker films. Returning to the balance of free-energy terms that determines film morphology, the extreme roughness at low coverage on the quasicrystal could mean either that ␥ QC is lower than ␥ Ag , the interfacial energy ␥* is prohibitively high, or that there exists a combination of these effects. Smooth growth on the Al͑111͒ substrate together with the top layer of the quasicrystal being almost pure Al suggest that ␥ Ag and ␥ QC should not be significantly different and this leads us to postulate that the interfacial energy must be important to explain the rough growth. A high value of ␥* is a reasonable possibility, since the nonperiodic arrangement and fivefold symmetry of the substrate could well introduce high strain into the film resulting from the interfacial mismatch ͑dimensional and orientational͒. Furthermore, we have observed similar roughness at low coverages in a similar system-Al on a fivefold surface of icosahedral AlCuFe ͑Ref. 15͒-which also points to a significant effect of ␥*.
The third main implication from this work is that, even though the Ag film cannot adopt fivefold symmetry on an atomic scale, it can do so on a mesoscopic scale. Here, we are referring to the fivefold orientations of the hexagonal nanocrystals in the third coverage regime, above 10 ML. The Ag͑111͒ nanocrystals with orientation determined by the substrate are formed below 10 ML and, once these are formed, one essentially has simple Ag͑111͒ homoepitaxy, which propagates this orientation into thicker films, leading to fivefold twinning. Twinning in thick crystalline films or overlayers on top of quasicrystals appears to be quite general, based on the fact that it has been observed also in several different, but analogous, systems: PtAl ͑Ref. 3͒ and AuAl overlayers 2 on the tenfold surface of a decagonal quasicrystal, and Al films 17 and cubic alloy overlays 18 on the same fivefold surface studied here.
As a final remark, we have observed that a surfactant, oxygen, can smoothen a thick ͑100-ML͒ Ag film on the quasicrystal substrate, but the resultant film still displays a nanostructured pattern, in the shape of an array of fivefold twins of fcc Ag separated by grain boundaries. Such patterns cannot be created by deposition of Ag on Ag͑111͒. These observations also confirm that the pyramidal morphology and large roughness of the films above 10 ML is kinetically limited, but that lateral twinning is not.
This leads us to conclude that the best approach to obtain a smooth, pseudomorphic film on a quasicrystalline surface may be to go to lower temperatures, where kinetics will promote homogeneous nucleation and suppress upward migration. Further, coverages below 10 ML are most promising, since here the substrate clearly exerts a strong influence on the structure of the film.
In more general terms, Ag film growth on this fivefold quasicrystal exhibits several phenomena ͑heterogeneous nucleation, rough growth at low coverages, twinning at high coverages͒ whose relationship to the unique atomic structure of the substrate presents interesting dimensions in the understanding of epitaxy.
We would also like to note that we recently became aware of a publication by Franke et 
